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Abstract. We have obtained high resolution (R — 10,000) _R"-band spectra of candidate young massive stars deeply 
embedded in (ultra-) compact H II regions (UCHIIs) . These objects were selected from a near-infrared survey of 
44 fields centered on IRAS sources with UCHII colours. Often, the near-infrared counterpart of the IRAS source 
is a young embedded cluster hosting massive stars. In these clusters, three types of objects are identified. The first 
type (38 objects) consists of "naked" OB stars whose Tf-band spectra are dominated by photospheric emission. 
We classify the K-band spectra of the OB-type cluster members using near-infrared classification criteria. A few 
of them have a very early (03-04 V) spectral type, consistent with a young age of the embedded clusters. The 
spectral classification provides an important constraint on the distance to the embedded cluster. The ionising 
power of the population thus derived is compared to the information obtained from the infrared and radio flux 
of these sources. In most cases these two different determinations of the ionising flux are consistent, from which 
we conclude that we have identified the ionising star(s) in about 50 % of the embedded clusters. The second type 
(7 objects) are point sources associated with UCHII radio emission, that exhibit nebular emission lines in the 
near-infrared. Six of the objects in this group produce He I emission indicative of an embedded O-type star. These 
objects are more embedded than the OB stars and probably do not dominate the infrared flux as measured by 
IRAS. They may emit the bulk of their reprocessed UV radiation at mm wavelengths. The third type (20 objects) 
is characterised by broad (100-200 km s -1 ) Br7 emission and no photospheric absorption profiles. iBik et alJ ( 2005) 
show that these objects are massive YSO candidates surrounded by dense circumstellar disks. 
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1. Introduction strong UV radiation field, ionising its surroundings. At 

this stage the object will become detectable at far-infrared 
^ The recent advent of high-quality, near-infrared instru- and radio wave l e ngths through the heated dust and re- 
mentation has opened up a new window on the birth sites comb i nation f hydrogen in the expanding hyper- or ultra- 
of massive stars. The formation timescale of a massive compact H n region (e.g. lChurchwelilEooi . The same UV 
star (> 10 M©) is short, of the order of 10,000 yr, so that radiation field wiU impact o n the extended ci rcumstellar 
newly formed stars are still deeply embedded inside their disk and start to destroy it faollenbach et al.lll99l . The 
parental molecular cloud. disk destmc tion timescale is short too (~ 100 000 yr), so 
Observational evidence indicates that at this early that it becomes an observational challenge to detect and 
stage in the evolution the "hot core" contai ns an extended measure any remnants of the formation process of massive 
circumstellar disk (size ~ 1000 AU; e.g., iBeltran et al.l stars. 
l2004t IChini et allEool through which a vast amount of 
material would be able to lose its angular momentum and 

accrete onto the protostar. Before arriving on the main At near-infrared wavelengths one is able to penetrate 

sequence, the young massive star already will produce a thc obscuring gas and dust in the natal cloud and may 

detect the photospheric and circumstellar emission of the 
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Send offprint requests to: A. Bik (abik@eso.org) y° un S massive star. We have carried out an extensive 

* Based on observations collected at the European Southern near-infrared survey of fields centered on IRAS sources 

Observatory at La Silla and Paranal, Chile (ESO programs with the chara cteristic colours of ultra-co mpact Hll re- 

64.H-0425 and 65.H-0602) gions (UCHIIs. IWood & Churchwelllll989al) with SOFI o n 

** Table 6 is only available in electronic form at CDS. the ESO New Technology Telescope l|Kaper et al.ll2005a[l . 
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The main result in this survey is that in all 44 re- 
gions but one a near-infrared source associated with Brj 
emission is found. In 75 % of the fields this near-infrared 
emission corresponds to an embedded massive stellar clus- 
ter (Ay ^10 — 20 magnitudes). Only a small fraction of 
the near-infrared sources have a size typical of UCHII re- 
gions i.e. 0.1 pc. Besides the embedded clusters, we have 
detected the near-infrared counterpart of a dozen ultra- 
compact radio sources (i.e. in 40 % of the fields in which 
an ultra-compact radio source is located). 

This paper concentrates on the spectroscopic follow-up 
of the sources selected from our near-infrared NTT sur- 
vey to confirm their massive-star nature and to search for 
observational signatures that may reveal information on 
the formation process, if-band spectra have been obtained 
of candidate young massive stars identified in our survey 
with ISAAC mounted on the ESO Very Large Telescope, 
based on their Jf-band magnitude and J—K colour. These 
candidate massive stars are members of the embedded 
cluster or, in some cases, the potential ionising stars of 
UCHIIs. 

The K-bsmd window is well suite d to perform the spec - 
tral classification of OB-type stars ijHanson et alj fl996). 
especially when interstellar extinction becomes impor- 
tant. However, in order to retrieve the photospheric spec- 
trum of an embedded massive star, one has to correct for 
the strong nebular emission produced by the surround- 
ing Hn region. As OB-type stars mainly include lines 
of hydrogen and helium in their spectra, many photo- 
spheric lines will be affected by nebular emission. When 
using ISAAC with a 0.3 arcsec slit, the spectral resolution 
(R ~ 10 000) becomes sufficient to resolve the broad pho- 
tospheric lines and to discriminate between the nebular 
and stellar contribution. The feasibility of th i s app roach 
has been demonstrated bv lWatson fc Hansonl l|l997h who 
retrieved the photospheric spectrum of the 05-06.5 V 
star ion ising the famous cometary U CHII G29.96-0.02 
(see also lMartm-Hernandez et al.ll2003|) . In the mean time 
the photospheric spectra have been registe red of massive 
stars embedded in a handful of UCHIIs fe.g. lHanson et al.1 
l2002h . 

Through the direct measurement of the spectral prop- 
erties of the deeply embedded, young massive stars, a 
comparison can be made with estimates based on the 
far-infrared and radio emission produced by t he UC HII 
e.g. em bedded cluster. Following this procedure. lBik et alJ 
(2003jJ) were able to identify the long-sought-for ionising 
star of the Flame Nebula (NGC 2024). As a by-product 
of the spectral classification, the amount of interstellar 
extinction Ay can be determined as the intrinsic J — K 
colour of OB stars falls within a narrow range. A relation 
between spectral type and luminosity then helps to con- 
strain the distance to the embedded cluster, providing im- 
portant information on the distribution of the embedded 
massive star population in the Milky Way. Furthermore, 
one can investigate whether these young massive stars dif- 
fer from the OB-star field population, e.g. with respect 
to their wind and rotation properties, and whether they 



show any signs that reveal information on the formation 
process. 

The paper is organised as follows; the next section de- 
scribes the VLT/ISAAC spectroscopic observations and 
the applied data reduction procedure. In Sect. we in- 
troduce the -KT-band spectra and divide them into dif- 
ferent classes. We also outline the spectral classification 
method. Using the spectroscopic parallax, the distances 
to the OB stars are estimated and compared to literature 
values. Sect. 01 includes the if-band spectra of the near- 
infrared counterparts of the UCHII regions detected at 
radio frequencies. In Sect.|S]the luminosity of the OB star 
population thus identified is compared to that inferred 
from the infrared and radio measurements. Sect. El dis- 
cusses the properties of the young OB stars with respect 
to those measured in the field population. The last section 
summarises our conclusions. 

2. Observations 

-ftT-band spectra were taken of point sources in 31 regions 
from the sa mple of 44 IRAS sou rces with UCHII colours 
presented in lKaper et al.1 l|2005a|) . The point sources were 
selected based on their position in the colour-magnitude 
diagram. The brightest and most reddened sources were 
selected for follow-up spectroscopy. 

Medium-resolution, long-slit (120") Jf-band spectra 
were obtained with ISAAC mounted on Antu (UT1) of 
ESO's Very Large Telescope (VLT), Paranal, Chile. The 
observed targets and the observing log are given in Table 
IA.1I The observations were carried out during a visitor 
mode run (by LK and MMH) on March 18-20, 2000, and 
a service mode run in the period between May 18 and 
July 16, 2000. A slit width of 0.3" was used, resulting in a 
spectral resolving power R — 10, 000. The slit position was 
chosen such that at least two sources were positioned on 
the slit. The observing conditions at Paranal Observatory 
were excellent: humidity less than 10% and seeing ranging 
from 0.5 - 1.0". 

The central wavelength was chosen such that the most 
important lines needed to classify the OB stars in the K- 
band are covered (see Sect. 13.1(1 . The spectra taken in 
visitor mode (the objects with R.A. between 5 and 15 
hour) have a central wavelength of 2.129 /jm and range 
from 2.069 to 2.189 /im. This setting should have covered 
the Hen line at 2.1885 /im; it turned out, however, that 
the last 20 pixels were vignetted and not usable. In the 
service mode run (sources with R.A. between 16 and 19 
hour) the central wavelength was shifted to 2.134 /im in 
order to cover the He 11 line. 

The electrical ghosts and bias were removed from the 
frames before flatfielding. Despite the use of flatfields 
taken during the night, some service mode flatfields have 
a fringe pattern different from that of the science frames 
and thus introduce fringes in the final spectrum. These 
flatfields were not used and replaced by flatfields obtained 
in other nights which cause less fringing; in some spectra, 
however, remnants of fringes are still visible. The wave- 



A. Bik et al.: Jf-band spectroscopy of massive stars in IRAS sources with UCHII colours 



3 



length calibration of the spectra is performed using arc 
spectra with the IRAF task identify. The typical error of 
the wavelength solution is 3 km s" 1 . 

In order to correct for the sky background, the object 
was "nodded" between two positions on the slit (A and B) 
such that the background emission registered at position 
B (when the source is at position A) is subtracted from the 
source plus sky background observation at position B in 
the next frame, and vice versa. The offsets were such that 
the two stars positioned on the slit are not overlapping. 
In some sources, the nebular lines (e.g. Br7) are spatially 
extended and will overlap resulting in artifacts in the sky 
subtracted image. This can mimic a narrow absorption 
feature superimposed on the stellar Br7 line. 

Telluric absorption lines were removed using stars of 
spectral type B8 V - A2V, observed under identical sky 
conditions. Before removing the telluric lines, the only 
photospheric line (Br7) in the spectrum of the A star 
needs to be divided out. It turns out that the best re- 
sult is achieved when first the telluric features are removed 
from the if-band spectrum of the telluric standard using a 
high-resolution telluric spectrum (obtained at NSO/Kitt 
Peak). This spectrum is taken under very different sky 
conditions, so numerous spectral remnants remain visi- 
ble in the corrected standard star spectrum. Without this 
"first-order" telluric-line correction, a proper fit of Br7 
cannot be obtained. The Br7 line is fitted by a combina- 
tion of two exponential functions. The error on the result- 
ing Br7 equivalent width (EW) of our target star is about 
5 %. After the removal of the Br7 line of the A star, the 
telluric lines are removed by taking the ratio of the target 
spectrum and the telluric spectrum. This is done using the 
IRAF task telluric, which allows for a shift in wavelength 
and a scaling in line strength, yielding a more accurate 
fit. The task uses a cross-correlation procedure to deter- 
mine the optimal shift in wavelength and the scaling factor 
in line strength, which can be changed interactively. The 
shifts are usually a few tenths of a pixel; also the scaling 
factors are modest (~ 10 %). 

3. iT-band spectra of young OB stars 

The i-T-band spectra can be divided in different classes (see 
Fig- d for an example of the different spectra). Forty ob- 
jects turn out to be late-type (fore- or background) stars, 
with if-band spectra dominated by many absorption lines 
(Fig.^ 5 ). These stars are a natural by-product of our selec- 
tion criteria. They emit the bulk of their radiation in the 
(near) infrared and have a red intrinsic colour. The other 
three classes are different types of objects connected with 
star-forming regions. 

Thirty-eight objects show the spectral features indica- 
tive of OB stars and are the subject of this study (Fig. 
nji,b). In the following , we will descr i be the classification 
method introduced bv lHanson et a l. (1996). The spectra 
are presented and classified, distances are estimated based 
on the if -band spectral type (spectroscopic parallax) . The 
second type of objects discussed in this paper are the near- 
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Fig. 1. if-band spectra of the different classes of objects 
found in our spectroscopic survey. Panels (a) and (b) show 
the photospheric if-band spectra of O and B stars which is 
the main focus of this paper. Panel (c) shows a spectrum 
dominated by nebular emission from the UCHII region. 
The emission lines are narrow and not resolved. This in 
contrast to the spectrum displayed in panel (d) where the 
emission lines are resolved. This object shows characteris- 
tics of a massive YSO. Panel (e) displays a spectrum of a 
late type (fore-/background) star. The spectrum is dom- 
inated by absorption lines. The narrow Br7 emission line 
originates in the H II region. Note that panels (c) and (d) 
are plotted on a logaritmic scale. 



infrared counterparts of the UCHII regions with nebular 
if-band spectra (Fig.fIJ;). 

Another 20 objects show broad, spectrall y resolved 
Br7 e mission (Fig. [IJl) and are presented in iBik et all 
(2005). These emission- line objects are classified as mas- 
sive Young Stellar Objects (YSOs). Towards some of these 
objects CO first-overtone emission is detected, originating 
fro m warm (2000-400 K) and dense (10 10 cm -3 ) mate- 



rial. |Bik^Th3 l|2004l show that the CO emission in these 
objects is coming from a keplerian rotating disk within 5 
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AU from the central star. These objects are very likely 
surrounded by the remnant of a accretion disk. Photo- 
evaporation models show that the outer parts of the accre- 
tion disk get photo-evaporated on a very short timescale, 
while the inner parts of the disk remain p resent around the 
recen tly formed star for a longer time l|Hollenbach et all 
Il994l) . 

3.1. Classification scheme 



lHanson et alJ l|l996j) constructed a if-band classification 
scheme based on the relative line strength in spectra of 
OB stars with known (optical) MK spectral type. The 
stars were independently classified, and the derived K- 
band classes compared with MK spectral types. 

The lines covered by the if-band spectra of massive 
stars are a hydrogen line (Br7 2.16 /im), three Hei lines, 
one at 2.058 /jm (not in our spectral setting), and two at 
2.112 and 2.113 /im. Also a Hell line is present at 2.185 
/im. The other lines detected in O star spectra are a com- 
plex of Nm lines at 2.115 /an and three Civ lines with 
the two strongest at 2.069 and 2.078 /im and a very weak 
line at 2.083 /im. 

The Br7 line is present in both the O and B type stars, 
and increasing in strength from the early O toward late 
B/early A. The Hell line strength is decreasing toward 
later spectral type and the line disappears when the spec- 
tral type becomes later than 07/08. The Civ (emission) 
lines are only visible fo r a sm all range in effective tem- 
perature. lHanson et al.1 l|l996() find that stars with spec- 
tral type between 05 and 06.5, and down to 08 in su- 
pergiants, have C iv lines in their spectrum, making it a 
sensitive temperature diagnostic. The identification of the 
emission complex at 2.1155 micron is still uncertain, but is 
assumed to be Nm. The line is visible in stars with spec- 
tral type between 03 and 08. The He I lines at 2.112/2.113 
/j,m start to become visible in 07-08 stars and remain 
present till B3 in dwarfs and as late as B8 or B9 in super- 
giants. 

The classification scheme developed bv lHanson et alJ 
(1996) is summarised in Table The classification of OB 
stars in the if -band is hampered by the limited number 
of lines as well as the few spectra available. The if-band 
classification is therefore not as accurate as the optical 
classification. Especially for the B stars, where only two 
lines are present (He I and Br7), the classification becomes 
less reliable. 

As the spectral resolution and signal-to-noise ratio of 
the spectra p resented in thi s pape r are different from the 
data used by lHanson et alJ lll996h. care should be taken 
in applying the classification of lHanson et al.l l|l996h right 
away. To be able to co mpare our observati ons with the 
low-resolution spectra of lHanson et al.l l)l996j) we observed 
spectra of optically visible OB stars with VLT/ISAAC. 
The optically visible OB stars are located in the T r 16 
cluster in the Car OB2 association JThe et al. 1980) and 
NGC 6231 in the Sco OBI associatlon |Sung et alJIlijl . 
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Fig. 2. if-band spectra of optically visible OB stars in Tr 
16 and NGC 6 231. Application of th e classification criteria 
introduced bv lHanson et alJ l|l996|) yields spectral types 
consistent with the MK classification. The higher spectral 
resolution results in the detection of the He I line in 05 V 
stars, which is not seen in the low resolution spectra of 
llHanson et al.lll996|) . 



The spectra are shown in Fig. [3 plotted in order of optical 
MK-spectral type. The spectra of the O stars in Car OB2 
were taken during the visitor mode run, when the He II 
line was not well covered. In the if-band spectra of the 
stars in NGC 6231, the Hen line is not present as the stars 
are of later spectral type. 

Applying the classification criteria developed by 
lHanson et al.1 ( 19961 ) to the spectra of the "reference stars" 
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if- band 


MK 


Civ 


Nm 


He I 


Hl(Bry) 


Hen 


Spec, type 


Spec, type 


2.078 fim 2.115 


2.113 ^m 


2.166 fim 


2.185 nm 






(A) 


(A) 


(A) 


(A) 


(A) 


Dwarfs and Giants 


k03-04 


03V-04V 


np 


em 


np 


<4(5) 


abs 


k05-06 


05V-06.5V 


em 


cm 


np 


<4(5) 


abs 


k07-08 


07V-08V 


w/np 


cm 


abs 


<4(5) 


w,abs 


k09-Bl 


08V-B1V 


np 


up 


abs 


<4(5) 


up 


kB2-B3 


B1V-B2.5V 


up 


up 


abs 


4(5) - 8 


up 


kB4-B7 


B3V-B7V 


up 


up 


np 


4(5) - 8 


up 


kB8-A3 


B8V-A3V 


np 


np 


np 


> 8 


np 


Supergiants 


k03-04b 


031-041 


np 


np 


np 


w/em 


em, abs 


k05-06b 


051-06.51 


cm 


cm 


up 


w/em 


abs 


k07-08b 


071-081 


w/np 


cm 


abs 


w/em 


w,abs 


kOBb 


Q9I-B3I 


np 


np 


abs 


em 


np 



abs: in absorption, em: in emission, 
w: weak, np: not present. For the lines not detected in the low-resolution spectra, upper limits are used; for Nlll: 0.2 
A and for the other lines 0.3 A is used as upper limit. For the Br7 criterium, between brackets the modification as 
discussed in the text is indicated. The if-band spectral type (column 1) is based on the presence of the lines listed 
in this Table and is derived independently of the corresponding MK spectral type. In the if -band spectra of early-0 
stars the Nlll and Civ lines are important diagnostics. At late-0 the Hei line starts to become important, while for 
B stars, the main diagnostic is the strength of the Br7 line. 



does for some of the stars not result in a classification con- 
sistent with their M K spectral typ e . The spectra of the 
classification stars in lHanson et alJ l|l996l) have a resolv- 
ing power varying between R = 800 and R = 1100, with a 
few stars taken at a resolution of 3000. While the spectra 
presented in this paper are taken with a spectral resolu- 
tion of 10,000 and in the most cases higher signal-to-noise 
ratio. The difference in spectral resolution and signal-to- 
noise b etween our spectra and those used bv Ha nson et all 
(1996) results in slightly different classification criteria. 



In a low-resolution spectrum the Hei 2.112/2.113 lines 
are not resolved and are observed as one line. In our spec- 
tra, these lines are resolved and can provide information 
on the shape of the line. The higher spectral resolution 
and the higher signal-to-noise ratio of our spectra en- 
ables the detec tion of lines w i th low er EW than could 
be detected by lHanson et al.l l|l996f) . An illustration of 
this is the presence of the Hei line in the spectrum of 
HD 303311. The star is optica lly classified as Q5V, which, 
according to classification of lHanson et alJ l)l996h . does 
not show the He I line in the spectrum. However, the He I 
line is detected in our high-resolution spectrum. When 
smoothed to a resolution of R — 1100, the Hei line dis- 
appears. This Hei line is also visible in the newly taken 
higher resolution spectra of 05V-06V stars (Hanson et 
al., in prep.). Theref ore, upper lim i ts refl ecting the small- 
est EW detected bv lHanson et al. | lll996h are used in the 
classification s chem e for lines that were not detected by 
lHanson et alJ l)l996|) . The EW of the He I line in the spec- 
trum of HD 303311 falls below the adopted upper limit 
for the Hei line (0.3 A). 



Anoth er adaptation we ap plied to the classification 
scheme of lHanson et al.l ( 199fi|) is the division between the 
k09-Bl and kB2-B3 spectral classes. The difference be- 
tween the k09-Bl and kB2-B3 spectral classes is only 
based on the strength of the Br7 line; for both spectral 
classes the Hei line is of comparable strength. The di- 
vision between those two classes is set at a Br7 EW of 
4 A. A substantial number of 08V-B1V stars, however, 
have a Br 7 EW between 4 and 5 A (Fig. EJ): The EW of 
the Br 7 line in the 08-09 stars HD 93343 (08V), CCDM 
J10452-5945A (08.5V) and HD 326329 (09V) is 5.0, 4.6, 
and 3.5 respectively. By shifting the division to 5 A, the 
O8V-B0V stars are classified as k09-Bl stars. Ideally, line- 
ratios are much better suited for spectral classification. 
However, due to the lack of lines in the late-0 and early- 
B stars, the EW of Br7 has to be used. This problem does 
not occur when discriminating kB2-B3 and kB4-B7 as in 
between these two spectral classes the He I line disappears. 

Han son et alJ l|l996l) do not find a significant difference 
in spectral features between the dwarfs (luminosity class 
V) and the giants (III). The supergiants, however, show a 
different spectrum, especially in the Br7 and helium lines, 
where the stronger stellar wind produces emission lines 
(or wind emission fills in the absorption lines). 



3.2. Spectral classification of embedded OB stars 

The if -band spectra of the embedded OB stars are pre- 
sented in Figs.0]and|5| In the remaining part of the paper 
we will name the objects after the first 5 digits (i.e. the 
right ascension) of the IRAS point source they are associ- 
ated with, together with a number based on our photom- 
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Object 


Civ 


Nm 


He I 


Hl(Br 7 ) 


iT-band 


Optical 




(A) 


(A) 


(A) 


(A) 


Sp.Type 


Sp.Type 


HD 93250 (03V) 


—0.49 ± 0.1 


-2.11 ± 0.35 




3.67 ± 0.3 




-OR 

\ si) 


05V-06.5V 


HD 30331 1 (O.W 1 ) 

Illy uUuu 1 X I v/U V 1 


—0 58 + 1 

\J • IJLJ _1_ \J • X 


— 1.17 ± 0.4 


28 + 07 


4 26 ± 47 


K05 


-06 


05V-06 5V 


HD 93343 (08V1 

Illy ,J tjij^iij 1 vU V J 






1 24 + 27 


5.04 ± 0.4 


k09- 


-Bl 


O8V-B0V/B1V 

V7 {.J V i J \ J V / JJ1 V 


CCDM J10452-5945A (08.5V) 






0.82 ±0.12 


4.63 ± 0.33 


k09- 


-Bl 


O8V-B0V/B1V 


HD 326329 (09V) 






0.94 ±0.14 


3.54 ±0.43 


k09- 


Bl 


O8V-B0V/B1V 


HD 32633 (B05V) 






0.99 ±0.21 


6.31 ±0.46 


kB2- 


B3 


B1V-B2.5V 


CD-41 11030(B1V) 






0.94 ±0.11 


7.06 ±0.39 


kB2- 


B3 


B1V-B2.5V 


CD-41 11048 (B1V) 






0.81 ±0.10 


6.54 ±0.32 


kB2- 


B3 


B1V-B2.5V 



Table 2. EW measurements and if-band classification of the optically visible reference stars in Trl6 and NGC 6231 
(Fig. 0). Column 1 gives the name and the spe ctral type as provide d by Simbad. Column 6 and 7 list the JT-band 
spectral type applying the classification scheme o flHanson et al.1 (|l996j) and the corresponding optical MK classification. 
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Fig. 3. The EW of Br 7 plotted versus spectral type. 
The points represen ted by the "±" signs are taken from 
lHanson et al.1 l)l996j) . The EWs indicated with a V are 
from our comparison spectra in Fig. [S] (see also Tabic 0) . 
The dashed line represents the criterion of 4 A to discrim- 
inate between the k09-Bl and kB2-B3 spectral classes. 
However, a lot of O8V-B0V stars have Br 7 EWs larger 
than 4 A and would be wrongly classified as kB2-B3. By 
shifting the criterion to 5 A, the O8V-B0V stars would be 
correctly classified. 



etry (e.g. objec t 647 in IRAS 1907 8±0901 we refer to as 
19078nr647, cf. lKaper et"ai]l2005a|) - Two spectra include 
strong emission lines characteristic of OB supcrgiants and 
WR stars (Fig.^J). Because of the presence of photospheric 
lines, like Nm and Civ, th ese objects were not included 
in the massive YSO sample ijBik et al.ll2005|) even though 
they show Br 7 in emission. The spectra in Figs. 0] and [5] 
are plotted according to their i-T-band spectral type (see 
Table El and below). 

The EW measurements are presented in Table [3] in or- 
der of right ascension of the IRAS source. In some spectra, 
the He 1 and/or the Br 7 lines are suffering from nebular 
contamination. In most of these, the lines have been sub- 



tracted out before measuring the Hei or Br 7 EW. In a 
few cases the nebular He 1 emission was so strong that the 
underlying absorption could not be detected any longer 
(noted in Table as "neb"). This problem was less se- 
vere in case of Br 7 as the photospheric absorption line is 
much broader than the nebular emission line. Also the Hei 
nebular lines at 2.161 and 2.165 /im which are sometimes 
present bluewards of Br 7 do not prevent the detection of 
the broad Br 7 absorption. The error on the EW is de- 
termined taking into account the signal-to-noise ratio of 
the spectrum (see column 5, Table lA~TJ) and the peak over 
continuum ratio of the line. 

The X-band spectra are classified based on the method 
outlined in Sect. 13.11 The resulting spectral class and the 
corresponding range in optical spectral type is given in 
column 2 and 3 of Table 01 As described in Sect. 13.11 
the difference between k09-Bl and kB2-B3 is only the 
strength of the Br 7 line. An EW of 5 A is used to dis- 
criminate between these two spectral types. The spectra 
where the EW measurement of Br 7 is equal (within the 
errors) to 5 A are classified as k09-Bl/kB2-B3. 

In 16177nr405 (Fig. left panel), the Br 7 absorption 
line is not detected. The spectral type derived for this ob- 
ject is based on the presence of the C iv and N in lines. 
The Hei line, if present, could not be detected because of 
strong nebular emission. For this spectral type (k05-06), 
Hen should also be present in the spectrum. The Hen 
line, however, is hardly detected, a little hint of absorption 
may be present. Also in 18449nr319 (Fig.^J left panel) the 
Hell line is not detected. Data taken at a second epoch 
l|Apail l2004]l indicate that the Hen line in the spectrum 
of 18449nr319 is present. This suggests that an instru- 
mental effect may be responsible for these non-detections. 
In 16177nr405, however, the Hell line is absent in both 
epochs. The Br 7 line in 18507nr262 (Fig. H left panel) 
shows a remarkable profile. The absorption in the cen- 
ter of the line is due to over-subtraction of the spatially 
extended nebular Br 7 emission. The emission wings, how- 
ever, are real, suggesting that this Br 7 line is in emission. 
The full width at zero intensity (FWZI) is ~ 800 km s -1 . 
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Fig. 4. X-band spectra of young OB stars deeply embedded in star-forming regions. The objects are plotted according 
to their if-band spectral type. In the early O stars (left panel) Civ and Nlil are important diagnostics, as well as 
the Hell line. At mid-0 spectral type, the Hei line becomes an important diagnostic together with the Br7 line (right 
panel). The emission wings present in the Br7 line of 12073nr2851 are likely the result of a bad correction of the Br7 
line in the standard star. 



3.3. Emission line objects 



The spectra of 17423nr3102 and 18449nr335 clearly show 
Br7 in emission (Fig.|BJ. These stars do not share the other 
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Fig. 5. X-band spectra of young OB stars deeply embedded in star-forming regions, continued. In this figure the B 
stars are plotted. In early-B stars, the Hei line is still present (left panel), but in the mid-B stars the Br7 line is the 
only diagnostic line. 



spectral properties of massive YSOs, which do show Br7 in are fo rmed in the photosphere of the star. ICotera et alJ 

emission, but no C iv and N in emission nor He n absorp- l|l999|) classify this star as a Be star, based on a low- 

tion. In the if-band spectrum of 17423nr3102 Civ and resolution if-band spectrum. This classification can be 

Nm are present, as well as Hen absorption. These lines excluded by our high-resolution spectrum. The if -band 
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Object 


Civ 


Nm 


He i 


Hi 


Hen 


06058nr534 






0.38 ±0.15 


7.6 ± 0.7 


n 


06061nr674A 






0.60 ±0.19 


4.1 ±0.3 


n 


06567nr557 








3.5 ±0.6 


n 


06567nr589 






0.43 ±0.16 


10.3 ±0.6 


n 


08563nr314 






0.61 ±0.12 


7.0 ±0.4 


n 


08563nr317 






0.34 ±0.14 


6.5 ±0.4 


n 


08576nrl79 






0.71 ±0.11 


6.6 ±0.3 


n 


08576nr413 






0.86 ±0.03 


3.7 ±0.2 


n 


08576nr461 






0.57 ±0.11 


5.2 ± 1.0 


n 


08576nr462 






0.68 ±0.16 


3.1 ±0.3 


n 


09002nr697 






0.70 ±0.24 


4.9 ±0.4 


n 


10049nr324 


-0.22 ±0.12 


-0.67 ±0.16 


0.22 ±0.05 


3.0 ±0.3 


n 


10049nr411 




-1.8 ±0.5 




2.4 ±0.6 


n 


11097nrll22 








4.3 ±0.4 


n 


12073nrl974 




-1.6 ±0.4 


neb 


2.5 ±0.3 


n 


12073nr2851 




-1.8 ± 0.2 


neb 


2.6 ±0.4 


n 


15408nrl410 


-0.57 ±0.08 


-1.20 ±0.28 




3.0 ±0.3 


n 


15408nrl454 






1.0 ± 0.22 


4.8 ±0.5 


n 


15502nr2960 








6.1 ± 1.0 


n 


15502nr3167 




-0.71 ±0.35 


0.64 ±0.14 


4.9 ±0.6 


n 


16164nrl542 






1.1 ±0.3 


4.5 ± 1.5 




16177nr271 






0.83 ±0.35 


5.4 ±0.9 




16177nr405 


-0.55 ±0.22 


-2.3 ± 0.4 


neb 






16177nrl020 


-1.0 ±0.25 


-1.7 ±0.4 




2.7 ±0.5 


1.45 ±0.35 


16571nr820 






0.57 ±0.1 


2.4 ±0.4 




16571nrl610 






0.66 ±0.14 


5.2 ±0.4 




17149nr895 


-0.87 ±0.09 


-2.5 ±0.3 




2.0 ±0.2 


0.95 ±0.16 


17175nr59 






0.86 ±0.14 


4.4 ±0.5 




17258nr378 






0.73 ±0.14 


3.0 ±0.4 




17258nrl558 






0.95 ±0.10 


4.9 ±0.3 




17423nr3102 


-1.0 ±0.16 


-6.1 ±0.5 


blend 


25.4 ±0.2 


0.6 ±0.16 


18006nr770 






0.75 ±0.36 


3.6 ±0.5 




18060nrl733 


-1.2 ±0.24 


-3.5 ±0.4 




0.76 ±0.2 


0.76 ±0.16 


18060nr2481 






0.75 ±0.22 


4.9 ± 1.0 




18449nr319 


-1.4 ±0.2 


-2.7 ±0.7 




3.9 ±0.6 




18449nr335 




-10.6 ±0.5 


blend 


-44.2 ± 1.0 


-3.2 ± 0.2 


18507nr262 


-0.7 ±0.15 


-1.1 ± 0.2 


0.12 ±0.06 


?? 


0.5 ±0.15 


18507nr373 






0.79 ±0.27 


6.6 ±0.5 




18507nr389 






0.79 ±0.26 


5.3 ±0.3 




19078nr647 




-1.9 ±0.6 




4.0 ± 1.2 


1.3 ±0.5 



Table 3. EW measurements of the spectral lines detected in the K-band spectra of young OB stars. Before measuring 
the EW, the nebular Br7 and Hei lines have been subtracted out, if present. The Hen line is not covered in the 
wavelength setting used in visitor mode (indicated with n in column 6). Emission lines have a negative EW. The error 
on the EW takes into account the signal-to-noise ratio and the peak over continuum ratio of the line. 



spectr a of Be stars do not show C IV and N ill emission 
lines llClark &: Steele! l2000l) . A pplying the classification 
scheme of lHanson et al.l l |l99fJl the source would be clas- 
sified as k05-06b, an 05-06.5 supergiant. 



The i^-band spectrum of 18449nr335 displays very 
broad Bi~7 emission profiles with a triangular shape, char- 
acteristic of Wolf-Rayet stars. Th is star is located i n the 
center of W43 and is classified bv lBlum et alJ 1^)99) as a 
WN7 star. 



3.4. Distance determinations 



The kinematic distance of the UCHII regions is listed in 
column 4 of Table 0] These distances are derived from 
the radial velocity m easurements of the CS(2-1) line 
l|Bronfman et alJll9 96). A model fo r the galactic rotation 
developed bv lBrand k, Blita (|l993) is used to convert the 
radial velocity into a distance estimate. For sources lo- 
cated inside the solar-circle, a near and a far distance 
is given. In co l umn 5 of Table 0] the distance adopted 
in iKaper et alJ l|2005a|) is given. These estimates are ob- 
tained from the literature and based on, e.g., star counts, 
radio recombination lines and optical photometry. 
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Object 


K-band 
sp. type 


MK 
sp. type 


Kin. dist 
(kpc) 


Dist. 

(kpc) 


K 


J — K 


A v 


Sp. 


Ph. dist. 
(kpc) 


06058nr534 


kB2-B3 


B1V 


- B2.5V 


1.0 


2.2 


10.4± 0.02 


1.3±0.04 


7.3 


1.0 




1.5 


06061nr674A 


k09-Bl 


08V 


- B1V 


_ 


2.2 


11.8±0.04 


2.0±0.09 


11.4 


2.3 




5.1 


06567nr557 


kB4-B7 


B3V 


- B7V 


2.6 


2.3 


11.6±0.04 


2.6±0.10 


14.0 


0.8 




1.1 


06567nr589 


kB2-B3/kB4-B7 


B1V 


- B7V 


2.6 


2.3 


10.4±0.02 


3.2±0.07 


17.3 


0.4 




0.8 


08563nr314 


kB2-B3 


B1V 


- B2.5V 


2.1 


2.0 


8.9 ±0.01 


1.4±0.02 


7.8 


0.5 




0.7 


08563nr317 


kB2-B3 


B1V 


- B2.5V 


2.1 


2.0 


10.0 ±0.02 


2.3±0.04 


12.6 


0.6 




0.9 


08576nrl79 


kB2-B3 


B1V 


- B2.5V 


2.2 


0.7 


9.6±0.01 


1.9±0.03 


10.5 


0.6 




0.8 


08576nr413 


k09-Bl 


08V 


- B1V 


2.2 


0.7 


7.5±0.01 


1.8±0.01 


10.4 


0.3 




0.8 


08576nr461 


k09-Bl/kB2-B3 


08V 


- B2.5V 


2.2 


0.7 


12.7±0.06 


1.7±0.11 


9.8 


2.6 




8.5 


08576nr462 


k09-Bl 


08 V 


- B2.5V 


2.2 


0.7 


7.0±0.01 


1.8±0.01 


10.4 


0.2 




0.6 


09002nr697 


k09-Bl/kB2-B3 


08 V 


- B2.5V 


1.9 


2.0 


10.7±0.03 


5.4±0.22 


29.0 


0.4 




1.2 


10049nr324 


k03-04/k05-06 


03V 


- 06.5V 


7.1 


7.1 


10.5±0.02 


2.8±0.06 


15.7 


2.7 




4.4 


10049nr411 


k03-04 


03V 


- 04V 


7.1 


7.1 


11.7±0.04 


2.9±0.11 


16.2 


6.5 




7.4 


11097nrll22 


kB4-B7 


B3V 


- B7V 


3.1 


2.8 


10.5±0.02 


2.4±0.05 


13.0 


0.5 




0.7 


12073nrl974 


k07-08 


05V 


- 06.5V 


11.6 


11.6 


10.7±0.03 


2.3±0.05 


13.0 


2.8 




3.2 


12073nr2851 


k07-08 


07V 


- 08V 


11.6 


11.6 


10.7±0.03 


2.5±0.06 


14.1 


2.7 




3.0 


15408nrl410 


k05-06 


05V 


- 06.5V 


2.6/11.6 


2.6 


8.6±0.01 


2.2±0.02 


12.0 


1.9 




2.4 


15408nrl454 


k09-Bl/kB2-B3 


08V 


- B2.5V 


2.6/11.6 


2.6 


9.3±0.01 


2.1±0.03 


12.5 


0.3 




1.1 


15502nr2960 


kB4-B7 


B3V 


- B7V 


5.8/8.7 


5.8 


13.0±0.08 


2.6±0.19 


14.0 


1.5 




2.1 


15502nr3167 


k07-08 


07V 


- 08V 


5.8/8.7 


5.8 


11.8±0.04 


1.6±0.19 


9.3 


5.8 




6.6 


16164nrl542 


k09-Bl/kB2-B3 


08V 


- B2.5V 


3.7/11.4 


3.6 


11.7±0.04 


2.0±0.08 


11.4 


1.5 




4.9 


16177nr271 


k09-Bl/kB2-B3 


08 V 


- B2.5V 


3.4/11.8 


3.6 


11.8±0.04 


3.4±0.14 


18.8 


1.1 




3.4 


16177nr405 


k05-06 


05V 


- 06.5V 


3.4/11.8 


3.6 


10.8±0.03 


>6.7 


>35.4 


>1.0 




16177nrl020 


k05-06 


05V 


- 06.5V 


3.4/11.8 


3.6 


11.9±0.04 


4.7±0.27 


25.5 


3.0 




3.7 


16571nr820 


k09-Bl 


08V 


- B1V 


1.9/14.5 


1.0 


9.3±0.01 


2.6±0.03 


14.6 


0.6 




1.4 


16571nrl610 


k09-Bl/kB2-B3 


08V 


- B2.5V 


1.9/14.5 


1.0 


11.0±0.03 


2.5±0.07 


14.1 


1.0 




3.1 


17149nr895 


k05-06 


05V 


- 06.5V 


2.0/14.6 


2.0 


8.3 ±0.01 


0.6±0.01 


3.9 


1.9 




2.3 


17175nr57 


k09-Bl 


08V 


- B1V 


2.0/14.8 


2.0 


11.5±0.03 


6.3±0.5 


>33.4 


0.6 




4.1 


17258nr378 


k09-Bl 


08V 


- B1V 


2.3/14.6 


2.3 


10.2±0.02 


3.4±0.06 


18.8 


0.7 




1.6 


17258nrl558 


k09-Bl/kB2-B3 


08V 


- B2.5V 


2.3/14.6 


2.3 


10.7±0.02 


1.9±0.04 


10.9 


1.0 




3.2 


17423nr3102 


k05-06b 


051 - 


061 


t 


8.5 


9.9±0.02 


5.3±0.13 


28.5 


2.6 




2.6 


18006nr770 


k09-Bl 


08V 


- B1V 


1.2 


1.9 


7.3 ±0.01 


0.9±0.01 


5.5 


0.4 




0.9 


18060nrl733 


k05-06 


05V 


- 06V 


2.1/14.6 


2.1 


9.0± 0.01 


2.9±0.03 


16.2 


1.4 




1.6 


18060nr2481 


k09-Bl/kB2-B3 


08V 


- B2.5V 


2.1/14.6 


2.1 


11.1±0.03 


3.5±0.11 


19.3 


0.7 




2.4 


18449nr319 


k05-06 


05V 


- 06V 


5.9/8.7 


4.3 


10.8±0.03 


2.4±0.06 


13.5 


3.8 




4.3 


18449nr335 


WN7 


WN7 




5.9/8.7 


4.3 


8.5±0.01 


7.0±0.17 


- 








18507nr262 


k05-06 


05V 


- 08V 


3.7/10.3 


3.7 


9.4±0.01 


4.3 ±0.07 


23.4 


0.9 




1.3 


18507nr373 


kB2-B3 


B1V 


- B2.5V 


3.7/10.3 


3.7 


12.3±0.05 


5.4±0.49 


28.6 


0.8 




1.1 


18507nr389 


k09-Bl/kB2-B3 


08V 


- B2.5V 


3.7/10.3 


3.7 


11.3±0.03 


3.8 ±0.14 


20.9 


0.7 




2.4 


19078nr647 


k03-04 


03V 


- 04V 


0.1/12.3 


11.4 


13.2±0.07 


4.4 ±0.5 


23.9 


8.4 




9.6 



Table 4. Cla ssification of the if-b and spectra based on EW measurements (Tabled) and classification scheme (Tabled 
developed bv lHanson et al.1 l|l996j) . Column 2: the if-band spectral type, column 3: th e corresponding optical spectral 
type. Column 4: kinematic dist ance derived from the radial velocity measurements oflBronfman e t all (Il996h and the 
rotation model of the galaxy of iBrand fc Blitz! (^93). Column 5: adopted distance l(Kaoer et al.ll2005af) . Column 6: 
if-band magnitude; column 7: J — K ; column 8: the derived visual e xtinction (^4y). Colu mn 9, the distance based 
on this spectral classification, assuming that the stars are ZAMS stars l|Hanson et al.lll997j) . t; This object is located 
towards the galactic center. 



These two distance estimates can be compared with 
the distance derived from the if-band spectral type 
and photometry (spectro-photometric distance or spec- 
troscopic paralax). By assuming that the stars are all 
located on the ZAMS, the intrinsic absolute magnitude 
can be derived. The absolu te Jf-band magnitud es for 
ZAMS stars are tak e n fro m lHanson et alJ l|l997|) . who 
follow iMassev et al.1 lll989l) for spectral t ypes between 
03V and B1V and iKenvon & Hartmannl £l995) for the 



B stars. The J — K colour is almo st constant for OB stars 
(J — K = — . 2 . iKoor nnee J fl 9 8 3 ) . allowing a good deter- 
mination of the extinction towards the OB star. 

By comparing the different distance estimates, for 
more than half of the stars (~ 60%) the spectro- 
photometric distance is comparable to the kinematic dis- 
tance. In a few cases (e.g. IRAS 16177-5018 and IRAS 
17258-3637) the distance ambiguity can be resolved. For 
other objects, the literature distance based on optical 
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Fig. 6. if-band spectra of two early-type stars showing 
emission lines. The spectrum of 17423nr3102 shows the 
photospheric features of a k05-06b star, the Br7 emis- 
sion line likely indicates a strong stellar wind. The bottom 
spec trum (18449nr335) has the characteristics of a WN 
star. lBlum et alJ l|1999l) classify the spectrum as WN7. 



photometry shows a better match wi th the spectro- 
photo metric distance (objects in Vela CL lMurphv fc Mavl 
l|l99l|) show that IRAS 08563-4711 and IRAS 09002-4732 
are both located near the edge of the more distant Vela B 
cloud (2 kpc). The spectro-photometric distance, however, 
suggests that IRAS 08563-4711 and IRAS 09002-4732 are 
located in Vela C (0.7 kpc). 

For the other objects, the spectro-photometric dis- 
tance and t he kinematic d i stance are not consistent with 
each other. iBrand k. Blit d l|l993|) show that the residual 
radial velocities can be large (upto 40 km s _1 ) in certain 
directions, and will introduce a large uncertainty in the 
determination of the kinematic distance. 



Also the distances derived for stars in the same embed- 
ded cluster can be different. In four regions, the spectro- 
photometric distance of one of the stars is not consis- 
tent with the distance derived for the other stars. For 
example, in IRAS 10049-5657, the spectral type of the 
two stars (10049nr324 and 10049nr411) is similar, but 
the if -band magnitude differs by 1 magnitude. The two 
stars have a similar J — K suggesting that they are con- 
fronted with the same amount of extinction, which makes 
it unlikely that one of the stars is a foreground star (the 
spectro-photometric distance towards the faintest star, 
10049nr411, is similar to the kinematic distance). The 
magnitude difference could be explained if 10049nr324 is 
an equal-mass binary (2 03-04 stars) which would result 
in an increase by 0.7 magnitude. 

Also in 08576-4334 we derive for one of the stars a 
different spectro-photometric distance. In this cluster we 
took spectra of 4 late-O, early B stars. Three stars have a 
spectro-photometric distance consistent with the distance 
to the Vela Molecular Ridge. Like in IRAS 10049-5657, all 
the objects are suffering from the same amount of extinc- 
tion (column 8, TableEJ). The magnitude of 08576nr461 is 
3 — 4 magnitudes too faint. Although the spectrum has a 
low S/N, the He I line is detected, which determines the 
spectral type to be k09-Bl/kB2-B3. Even if the Hei line 
were not present and the star would be classified as kB4- 
B7, the distance does not match. It likely is a background 
star; in this direction, one looks along a spiral arm result- 
ing in the projection of several star-forming regions. Also 
for 15408nrl454 and 15502nr2960 the derived distances 
are not consistent with the distances for the other stars in 
the same cluster. 

4. i\"-band spectra of near-infrared counterparts 
of UCHII regions 

The comparison done in iKaner et alJ 1 2005a|) between 
the near -infrared images and the UCHII radio obser- 
vations llWood fc Churchwelll Il989ri iKurtz et all Il994t 
I Walsh et al.lll998l and Kurtz, priv. comm.) shows that 
21 UCHII radio sources have a near-infrared counterpart. 
For 7 of these regions the near-infrared counterpart is a 
compact cluster of stars, and the radio emission is ex- 
tended. The linear size derived for some of these objects 
suggests that they are not in the UCHII stage anymore. 
For instance, by adopting the distance determination of 
7.3 kpc to IRAS 06412-0105, the extent of the radio emis- 
sion is ~ 1 pc. For IRAS 12073-6233, which is at 11.6 kpc, 
a size of 6 x 4 pc is found (i.e. much larger than 0.1 pc). 

Towards the other UCHII radio sources, no cluster 
is detected, but the near-infrared counterparts are point 
sources. For 7 of these objects we have taken if -band spec- 
tra which are shown in Fig.0 All but one spectra are dom- 
inated by nebular emission. Strong, narrow, Br7 and He I 
emission are seen in the spectra. A more careful inspection 
of these seven spectra reveals that in one case (17175nr59) 
weak Br7 photospheric absorption is present. This star is 
classified as a k09-Bl. Another object (06061nr676) dis- 
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Fig. 7. A'-band spectra of the near-infrared counterpart of ultra-compact radio source. In the upper-left corner of 
each panel the name of the source is given with the name of the UCHII radio source in parentheses. The flux scale 
is logarithmic. The line identifications are given in panels (c) and (e). The line at 2.171 fim in panel (e) could not be 
identified. 



plays a broad and spectrally resolved Br7 line, and has 
the characteristics of a massiv e Young Stellar O bject; this 
object is discussed in detail in lBik et al.l l)2005|) . For com- 
parison we include these objects in Fig. UJ 

Comparison of the magnitudes and colours of the three 
types of objects (OB stars, nebular spectra and massive 
YSO candidates) found in our spectroscopy survey shows 
that the near-infrared counterparts of UCHII regions have 
on average the faintest K magnitude and the reddest J—K 
colour. This suggests that these sources suffer from more 
extinction than the OB stars and massive YSOs do. The 
near-infrared continuum of the counterparts of the UCHII 
regions is likely not dominated by the stellar continuum 
as no photospheric features are detected. The slope of the 
continuum is likely much redder than that of the OB stars; 
the continuum will be caused by free-free emission of the 



UCHII region in combination with hot dust heated by the 
ionising star in the UCHII region or scattered light. 

Since the UCHII regions are often found in areas with 
extended radio and associated near-infrared line emission 
from a larger, (evolved) Hn region, the question arises 
what the origin is of the nebular emission lines detected 
towards the UCHII regions. Inspection of the spatial dis- 
tribution of the nebular emission of our 7 sources indicates 
that in almost all cases the line emission is peaked at the 
position of the radio source. The Hei emission, if present, 
also peaks at the radio source. 

In addition, in one case we can compare the width of 
the radio recombination lines with that seen in our spec- 
tra. For W49A South our spectrum indicates a width of 
90 km s~ \ in agreement with the width seen at radio fre- 
quencies ijde Pree et al.lll99^) . We conclude that there is 
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good reason to assume that at least in some UCHII re- 
gions the near-infrared emission lines are caused by the 
same gas producing the radio emission. 

Therefore, the nebular lines originating from the 
UCHII region can be used to estimate the spectral type 
of the underlying ionising source. The presence of He I 
is indi cative of stars wit h a spectral type earlier than 
09V ijHanson et al This is confirmed by the weak 

He I line present in the spectrum of the 09-B1V star 
(17175nr59). This means that, according to their strong 
He I emission, most of the stars embedded inside the 
UCHII regions are of early O spectral type. This prefer- 
ence to detect the hottest O stars is not surprising, since 
these objects will produce the brightest UCHII regions 
and will also produce strong nebular line emission in the 
near-infrared. In contrast, late O or B stars will in general 
not be easily detected as UCHII regions. Their immediate 
environment, however, will contain remnants of the star 
formation process for a much longer period of time than 
that of the hottest O stars. Indeed, the YSO candidates 
are often found to be of B spectral type and are generally 
not UCHII regions. 

5. Ionising properties of the embedded clusters 

One of the r e sults o f the near-infrared imaging survey of 
IKaper et al. (2005a) is that the UCHII regions are not 
isolated, but are located inside more extended regions of 
(massive) star formation. In almost all these regions em- 
bedded clusters are detected. T he properties of thes e clus- 
ters are discussed in detail in iKaoer et al.l l|2005ah . The 
majority of the spectra presented in this paper do not 
correspond to the near-infrared counterpart of the UCHII 
region detected in the radio, but to massive stars located 
inside the cluster associated with the UCHII region. 

For the determination of the ionising power of these 
clusters, the UCHII radio observations are not suitable. 
Only small spatial scales are resolved by these interfero- 
metric radio surveys. The radio flux o f the more extende d 
Hn region is not picked up (see e.g. iKurtz et al.l ll999'). 
Therefore, we use the ra dio measurements presented by 
I Caswell fc Havnesl l)l987h . These are single dish observa- 
tions with a typical spatial resolution of 1', which makes 
the observations more compatible with the I RAS observa- 
tions. T he near- infrared images presented in IKaper et alJ 
I 2005a) cover an area of 5 x 5', an area comparable on the 
sky to the radio and infrared measurements. 

In column 2 and 3 of Table El the spectral types are 
given based on the radio and infrared luminosity. The de- 
termination of the radio and infrared spectral type de- 
pends on several assumptions which do not have to be 
valid. E.g., one assumes that only one star is responsi- 
ble for the radio and infrared flux. The radio and infrared 
spectral types have to be considered as upper limits in this 
case. In the regions where the spectral type is estimated 
to be earlier than 03V (e.g. IRAS 10049-5657), obviously 
a cluster is required to ionise the H n region and heat the 
surrounding dust. Based on the amount of Lyman contin- 



uum photons (> 10 50 photons s x ) so me of these region s 
are classified as giant H II regions (e.g. iBlum et alJ ll999). 

Another assumption used to determine the (radio) 
spectral type is that the H n region is ionisation bounded 
(no FUV photons are leaking) and dust-free (no FUV pho- 
tons are absorbed by dust). For the determination of the 
infrared spectral type the assumption is that all the radi- 
ation from the star is reprocessed and emitted at infrared 
wavelengths. If these assumptions are not valid, the radio 
and infrared spectral types have to be seen as lower limits 
(i.e. the ionising star is of earlier spectral type). 

In column 4 of Table[S]the spectral type of the hottest 
OB star found by our spectroscopic survey is given. It 
turns out that in about 50 % of the H II regions we have 
identified the main ionising source(s). This finding would 
suggest that the IRAS fluxes of about 50 % of the sources 
is dominated by the dust heated by the cluster members 
instead of the emission of an UCHII region. In some re- 
gions, however, the ionising sources are likely heavily em- 
bedded and not visible in the near-infrared (e.g. IRAS 
11097-6102). 

6. Discussion 

We have obtained if -band spectra of deeply embedded 
massive stars in IRAS sources with UCHII colours. The 
stars are classified using the classification scheme devel- 
oped bv lHanson et al.l fl996). The question is whether 
the properties of the young OB stars resemble those of 
the more evolved OB stars in OB associations and the 
field population. Also, do they drive a normal stellar wind 
at such a young age? We will discuss the spectral prop- 
erties of the stars as well as age estimates of the clusters 
and the implications for the UCHII lifetime problem. 

6.1. Stellar wind properties 

The OB sta r s in this study are classified following 
lHanson et alJ l|l996|) . In general these stars have if -band 
spectra similar to field stars. To determine whether the 
properties of the young, embedded OB stars are different 
from those in the field, the if-band spectra of our sources 
are compa red with if-band spe ctra of field stars, like the 
spectra in lHanson et alJ (0-996). These are, however, also 
used to classify the spectra. This means that the lines used 
for the classification cannot be used for this comparison. 
For example, in the spectral classes k09-Bl and later, the 
strength of Br7 is used for spectral classification and a 
different behaviour of Br7 (i.e. due to a stronger stellar 
wind) would result in an erroneous classification. For the 
early types (k03-04 to k07-08), however, more lines are 
present and Br7 does not need to be used for the spectral 
classification, so the properties of this line can be com- 
pared with those of the field stars. 

A few stars, classified as early O stars, show a pecu- 
liar behaviour of the Br7 line (Sect. 13. 2|) : the line is not 
present, or in emission. Also the Hell line in one of the 
objects (16177nr405) is either not present, or very weak. 
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IRAS 


Radio 


IRAS 


if- band 


Ionising source 


name 


Sp Type 


Sp Type 


Sp. Type 





06058+2138 
06061+2151 



B1.5V/B2V 
B2V 



B1V-B2.5V 
08V-B1V 



06567-0355 
08563-4711 


B1V(W86) 
08V 


B1.5-B2 
BIV 


B1V-B7V 
B1V-B2.5 


08576-4334 


09V 


B2V 


08V-B1V 


09002-4732 


08.5V 


08.5V 


08V-B2.5V 


10049-5657 


<03V 


<03V 


03V-04V 


11097-6102 


<03V 


04V 


B3V-B7V 


12073-6233 


<03V 


<03V 


07V-08V 


15408-5356 
15502-5302 


04.5V 
04V 


07.5V 
<03V 


05V-06.5V 
07V-08V 


16164-5046 


04V 


04V 


08V-B2.5V 


16177-5018 
16571-4029 
17149-3916 
17175-3544 
17258-3637 


03V 
09V 
08V 
<03V 
06 V 


04V 
BIV 
BOV 
08V 
07.5V 


05V-06.5V 

08V-B1V 

05V-06.5V 

08V-B1V 

08V-B1V 


17423-2855 
18006-2422 
18060-2005 




09.5V 
09.5V 


08V-B1V 
05V-06V 


18449-0158 




B0.5V 


05V-06V 


18507+0110 




03V 


05V-06V 


19078+0901 


<03V 


<03V 


03V-04V 



06058nr534 is the main ionising source. Massive YSOs 06058nr221 
and 06058nr227 have mid - late B spectral type. 
06061nr674A is the main io nising source. Spectral type is not con- 
sistent with class I nature jAnandarao et al]l2004h . 
Cluster has ultra compact radio counterpart. 

two stars are ion ising this region, spectral type estimates of 
iLiseau et alJ 1^992,) (B5V and A5V) are not consistent. 
08576nr413 and 08576nr462 (08V-B1V) are located in the center, 
massive YSOs 08576nr292 and 08576nr408 in the outskirts of the 
cluster. The stars in the center are likely the main ionising sources. 
lApai |2004) conclude that this region is dominated by one ionising 
source coinciding with the UCHII region. 09002nr697 is located in 

the outskirts of the nebula. 

Giant H n region 1 . In the CMD of this field jKaper et al.ll2005al) 
a reddened main sequence is clearly visible. The spectral type de- 
termination of two 03V-04V stars (10049nr411 and 10049nr324) 
shows that this cluster must be very massive. 
Giant Hn region^ (NGC 3576) , ionising sources are still heavily 
embe dded and not visible in the near-infrared jFigueredo et alJ 
l2002fi . 

Giant Hn region f . 12073nrl974 and 12073nr2851 are located in 
center of cluster. 

15408nrl410 likely the ionising source, in center of cluster. 
15502nr3167 not the ionising source, the stars in center of cluster 
show nebular spectra, apparently too embedded to be observed in 
the near-infrared. 

16164nrl542 is not the ionising source. 16164nr3636(YSO) might 
be of mid-0 spectral type. 
16177nrl020 and 16177nr271 ionising sources. 
16571nr820 and 16571nrl610 ionising sources. 
K-band spectral type not consistent with other determinations. 
_R"-band spectral type consistent with infrared spectral type. 
Main ionising source still embedded, UCHII region has no near- 
infrared counterpart. 

Located in Galactic Center dCotera et alj H999). 
18006nr770 is Her 36, ionising source of M8. 

if-band spectral type not consistent with infrared spectral deter- 
mination. 

W43, giant Hn region 1 " llBlum et al]ll999fr . 18449nr319 is one of 
the ionising sources. 

Not related to UCHII region. Western part of nebula likely ionised 
by 18507nr262 

W49A is one of the m ost luminous giant H II region s^ in our galaxy 
( Conti fc Bluinll2002ri . 19078nr647 is object 1 in IConti fc Bluml 
(2002) and one of the ionising sources. 



Table 5. Spectral type derived using radio and infrared diagnostics and compared with the OB stars found in the 
region b y means of if -band s pectro scopy. Column 1: Object; column 2: Radio spectral type of the extended H n region 
based on lCaswell fc Havnesl l|l987l) : column 3: Infrared spectral type based on the IRAS flux. The IRAS luminosity is 



ca lculated using the formula of Sect. 7.6 in ICoxl 1 2000t). The spectr al types are derived using the stellar parameters 



of lSmith et"aT1 l|2002l) for the 03 - B1.5 stars and lAller et~a"fl l|l982l) for the B stars; Column 4: The earliest if-band 
spectral type of the OB star located in th is region, j: A gian t H n region is defined by the fact that it emits more than 
10 50 Lyman continuum photons s _1 (e.g. lBlum et alJll999jl . 



One of the possible explanations for this effect is that the 
stars have a strong stellar wind and that the photospheric 
Br7 absorption is filled in by stellar wind emission. This 
would only happen, however, if the wind mass loss rate 



is as high as that of OB supergiants (cf. IPuls et al"1ll996l 
iLenorzer et al.ll2004|) . The Hell line is not formed in the 
wind, but originates in the stellar photosphere. This line 
should be much less affected by the stellar wind than Br7. 
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Only a very high wind density makes the Hell line turn 
into emission. A similar effect is found in the optical spec- 
trum, where the Hen line at 4686 A turns into emission 
with increasing stellar wind. Veiling by dust or free-free 
emission of the surrounding H n region seems unlikely as 
the intrinsically weak lines like C IV and N in are detected. 

Contrary to the suggestion found in our data that 
the young stars possess a relatively strong wind, evidence 
has been presented that in the SMC a class of young 
OB stars (Vz stars) is found th at have unusually weak 
wind s for their spectral type ijHevdari-Malaveri et alJ 
20021 iMartins et aljEoO^ . The suggestion is that these 
stars are located very close to or even on the ZAMS. 
The authors also suggest that these objects might be sub- 
luminous. 

To disthinguish between these two scenarios for the 
stellar wind of the youngest OB stars, a careful analysis 
of spectral lines sensitive to the wind density is needed. 
For these deeply embedded stars, the UV spectrum or 
the Ha line which are usually employed to determine the 
stellar wind properties are not available. The Br7 line in 
the if -band is not the best line for this analysis. Bra in 
the L-band is more s ensitive to the stellar wind density 
(Lenorzer et allEffli. 



6.2. Binarity and stellar rotation 

The primordial binary fraction and the rotation rate of 
newly formed massive stars carry important informa- 
tion regarding the star formation process. Naively one 
would expect that newborn stars rotate more rapidly than 
evolved stars. Furthermore, the fact that the majority of 
massive stars are members of a binary/multiple system 
indicates that many young massive stars should belong to 
binary systems as well. 

The binarity of the OB stars detected in massive 
starforming regions provides a strong constraint on for - 
mation scenarios of massive stars (e.g. IZinneckerl EoO^) . 
Observations of e.g. the massive stars in the Orion Nebula 
Cluster s how that all stars be long to double or multiple 
systems l|Preibisch et alJ ll999). Studies to determine the 
fraction of spectroscopic binaries among bright O stars 
show that at least 35 % of the field O stars have a 
companion, while the fraction of spectroscopic binaries 
in the case of young ste llar clusters can get as high as 
60 % (|Mason et alJll99Sh . The contribution from single- 
line spectroscopic binaries (SBls) and double-line specro- 
scopic binaries (SB2s) is roughly equal. 

The OB stars presented in this paper all belong to 
young stellar clusters, suggesting that also among these 
massive stars a large fraction is member of a binary sys- 
tem. With spectra taken at only one epoch, we will not 
be able to detect the SBls. To this aim we carried out 
second-epoch observations of most of the OB stars in our 
sample (Apai et al., in prep). For two out of 16 targets a 
shift in radial velocity has been measured, making the tar- 
gets SB1 candidates. We find no evidence for double-lined 
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Fig. 8. Profiles of the Hei lines at 2.1128 and 2.1138 fxm. 
The different width of the lines reflects their rotation prop- 
erties. 



spectroscopic binaries in our sample. Obviously, our spec- 
tra have limited spectral resolution and signal to noise, 
and include only a few photospheric lines. Also, the de- 
tectability of an SB2 depends on the ratio in luminosity 
between the two components and the eccentricity of the 
system. 

To illustrate the variation in projected rotational ve- 
locity in our sample, the Hei lines at 2.1127 and 2.1138 /mi 
are plotted on a velocity scale for four different objects. 
In the top spectrum the two He 1 lines are clearly sepa- 
rated, while in the bottom spectrum the two He 1 lines are 
severely blended due to the rotational broadening. Proper 
measures of the value of v sin i in these stars should be 
obtained using more lines and higher spectral resolution, 
but at first inspection the projected rotational velocities 
do not seem to be different from those measured from 
main-sequence O-type stars l|Pennvlll996h . 
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6.3. Cluster age 



Despite the fact that most of the OB stars in our sample 
are not directly associated with an UCHII region, their 
location deeply embedded inside star forming regions (see 
Sect. El still suggests that these objects are young. Studies 
of the embe dded population in W31 telum et alJl200lh 
and Ml 7 l|Hanson et al.lfl997|) show that these regions are 
young and have an age of ~ 1 million year. These age 
determinations were based on the location of the stars in 
the HRD with respect to isochrones. However, isochrone 
fitting is not reliable anymore for very young clusters 
(< 1 — 2 Myr) when only massive stars are used. The 
isochrones are located too close to each other in the HR- 
diagram and the physical parameters for the hottest stars 
are not well known. Comparing the position of low-mass 
stars with the pre-main sequence tracks will improve the 
age determination, as well as allow for a m easurement of 
the d isk fraction in the young clusters (e.g. lLada k. Ladal 
120031) . 

The method of isochrone fitting is illustrated in 
Fig. El Two objects, 10049nr324 (03-06. 5V) and 
10049nr411(O3-O4V), ar e plotted in the HR-diagra m to- 
gether with isochrones l|Leieune k Schaererl l200l|) . The 
solid line is the ZAMS, the other isochrones are those of 
1, 2 and 3 million year. The two massive stars located 
in IRAS 10049-5356 (plotted with a "•" in Fig. EJ) are 
located close to the upper end of the ZAMS. Their loca- 
tion in the HR-diagram is consistent with an age younger 
than ~ 2 million years. We note that the location of 
10049nr324 in the HR-diagram implies a luminosity of 
about 3 — 4 x 10 6 Lq. This would make this object one of 
the most luminous stars known in the galaxy comparable 
to the enigmatic object r\ Car (log(L/Lo) ~ 6.5 — 6.7). 
Remarkably, the Br7 line of 10049nr324 shows one of the 
strongest abs orption profiles obse rved in any object clas- 
sified as 03 l)Hanson et al.l Il996h . However, at such ex- 
treme luminosity it is unlikely that the radiation driven 
wind would be too weak to produc e Br7 emission. This i s 
confirmed by model calculations of lLenorzer et alJ l|2004|) . 
who predict that Br7 should be in emission for super- 
giants. For any combination of L and T c g consistent with 
the observations of 10049nr324, Br7 should be in emission, 
or at least only weakly in absorption, contrary to what is 
observed. 



There are two possible solutions to this problem. The 
distance estimate of the cluster may be in error. However, 
a distance of ~ 3 kpc would be required to be consis- 
tent with a position of 10049nr324 on the ZAMS , which 
would move 10049nr411 significantly below the ZAMS. 
Alternatively, 10049nr324 could be a spectroscopic binary 
consisting of 2 equal mass 03-04 stars. Both solutions 
place one or both stars very close to the ZAMS, suggest- 
ing an age of ~ 1 Myr or less. 
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Fig. 9. Upper part of the HR-diagram. The full line rep- 
resents the ZAMS, the other lines are the isochrones 
of 1, 2 and 3 million yea rs. The data are taken from 
iLeieune fc Schaererl {2001). The location of the two ob- 
jects in IRAS 10049-5657 is represented by two bullets 
connected with a line. The end points of the lines corre- 
spond to the location of the earliest and latest spectral 
type consistent with the observed spectru m. The temper- 
atures are taken from lMartins et alTl)2002(l . an d the values 
for V — K and the bolometric correction from iKoornnee i 
l|l983h and lAller et"aD l|l982l) . respective ly. Overplotted 
are th e models for O stars taken from iLenorzer et alJ 
(2004). The crosses correspond to the position of the lu- 
minosity class V models for different T e fi and luminosity, 
while the diamonds and squares represent the locations of 
the giant and supergiant models, respectively. 



6.4. UCHII lifetime problem 

A fundamental problem with UCHII regions is related to 
their lifetime. If the young and ultra-compact H n re- 
gion expands due to over-pressure with roughly the sound 
speed, the lifetime of an UCHII is expected to be on the 
or der of 10 4 years. Using the IR AS colour-colour criterium 
of lWood fc Churchwelll jl989al) . the number of UCHII re- 
gions in the galactic disk relative to the number of emerged 
O stars implies a duration of the embedded phase on the 
order of several 10 5 year, although a more refined evalua- 
tion shows that this migh t be one order of magnitude less 
l|Comer6n fc Torralll996tl . 

Several confining mechanisms have been proposed to 
extend the UCHII lifetime: wind bow shocks generated by 
the supersonic motion of the stars (i> SO und — 0.2 km s _1 , 
Ivan Buren et alJll990l) . evaporation of dense clumps or 
a circumstellar disk which mass-loads the stellar wind 
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jHollenbach et al.lll994|) - or an initial evolution taking 
place in a very dense molecular cloud core. 

iKaper et~afl (|2005b|) show that in 75 % of the observed 
fields a cluster is identified towards the location of the 
IRAS source. In Sect.Elrt is shown that in 50 % of these 
clusters we have detected the main ionizing source. In 
these cases the infrared luminosity as measured by IRAS 
could be explained by the spectroscopically identified OB 
stars in the clusters. This would mean that in these cases 
the IRAS flux is not related to an UCHII radio source but 
is caused by the OB stars located in the embedded cluster 
heating the surrounding dust. 

Estimates of the lifetime of th ese embedded clus- 
ters are of the o rder of 10 6 years ijHanson et alJ Il997t 
iBlum et a.1.1 1200 lh . As this lifetime is much larger than 
those of the UCHII regions this would help to resolve the 
"UCHII lifetime problem" . High spatial resolution obser- 
vations in the mid-infrared with e.g. Spitzer are required 
to test this hypothesis. 

6.5. Ionising properties of the UCHII regions 

It is interesting to compare the different diagnostics con- 
cerning the stellar content of the fields we studied, in re- 
lation to the spatial scales they refer to. 

The IRAS sources refer to scales of ~ 1', comparable 
to those of the embedded clusters. Si milar scales apply 
to th e single dish radio measurements l|Caswell fc Havnea 
Il987ft . As noted in Sect.0 the spectral types derived from 
both diagnostics are in reasonable agreement, suggesting 
that on this scale we pick up optically thin emission which 
is reprocessed light from the less embedded OB stars. 

On small scales, we find radio emission from UCHII 
regions whose radio continuum slope suggests that high- 
density, ionised gas is present. We often find hot O stars 
as the ionising sources of the UCHII regions. However, 
due to the optically thick nature of the radio continuum, 
the contribution of these sources to the total radio lumi- 
nosity of the cluster is modest. Energy balance, however, 
requires that the luminosity of these embedded O stars 
is re-emitted at long wavelengths, i.e. far-infrared or mm. 
Since the IRAS flux can roughly be accounted for by the 
reprocessed light from the less embedded population, it 
may be that the reprocessed light of the more embedded 
sources is emitted at wavelengths longwards of 100 /xm, 
outside the IRAS wavelength range. This can be tested 
using e.g. HERSCHEL or ALMA observations. 



7. Conclusions 

In this paper, we present the if -band spectra of young OB 
stars deeply embedded inside IRAS sources with UCHII 
colours. if-band spectra of the actual near-infrared coun- 
terparts of the UCHII radio sources are also presented and 
discussed. The results can be summarised as follows: 



• 38 OB type stars are identified inside massive star 
forming regions. Th ey are classified base d on the clas- 
sification scheme of lHanson" et a,l.Nl996h . 

• The -ftf-band spectra of the OB stars are in general sim- 
ilar to those of the (more evolved) OB stars located in 
OB associations and the field. The if -band spectral 
properties of the very young OB stars are already in- 
distinguishable from those of the more evolved stars. 

• The spectra of a few 05-06 stars suggest that these 
stars posses stronger winds than usually encountered 
in these stars. This finding needs to be confirmed by 
further observations of e.g. the Bra line. 

• Distances to the OB stars are derived using the "spec- 
troscopic parallax" method. In 60 % of the regions 
this distance is consistent with the kinematic distance 
or other determinations encountered in the literature. 
The distance determination towards the objects in the 
Vela Molecular Ridge suggest that IRAS 08563-4711 
and 09002-4732 are located in the Vela C cloud instead 
of the more distant Vela B cloud. 

• Comparison of the position of some of the OB stars 
with theoretical isochrones show that these regions 
are likely very young, less than 1-2 million years. This 
method to derive ages suffers from substantial uncer- 
tainties due to the contribution from binaries and from 
fore- or background sources. 

• The differences in the line profiles of the He I 2.112 and 
2.113 lines reflect the difference in rotational broaden- 
ing of the stars. At first sight, the projected rotational 
velocities of the young OB stars do not differ from 
those measured from main-sequence OB stars. 

• In most of the clusters (50%), the ionising source is 
identified by means of our if -band spectroscopy. The 
if-band spectral type of the OB star(s) is in most cases 
similar to the spectral type derived from the infrared 
luminosity and the single-dish radio observations. This 
implies, in these cases, that the infared flux is produced 
by the embedded cluster and not by an associated 
UCHII region. This could help to resolve the UCHII 
lifetime problem as the embedded clusters have a life- 
time of 10 6 years compared to 10 4 years of the UCHII 
regions. 

• The if -band spectra of 7 point sources which are 
the near-infrared counterparts of UCHII radio sources 
show that the majority of these regions are dominated 
by nebular spectra. The He I lines present in 6 of these 
objects suggest that O stars are located inside these 
regions. 

• Despite the fact that these UCHII regions include O 
stars, these stars are not dominating the single-dish 
radio flux as their H n regions are still partially opti- 
cally thick. The single-dish radio observations are dom- 
inated by the optically thin gas ionised by the OB stars 
in the cluster containing the UCHII region. 

• The infrared flux is also dominated by the dust heated 
by the stars in the cluster instead of the UCHII region. 
This suggests that the UCHII regions emit most of 
their flux at far-infrared and sub-mm wavelengths. 
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IRAS 


nr 


Class 


iixp 


C? /AT 
S/JN 


Standard star 


K 


J — K 


06058+2138 


221 


YSO 


600 


122 


HD 


43726 


(A1V) 


10.7+ 0.03 


3.8±0.11 


06058-1 


-2138 


227 


YSO 


600 


148 


HD 


43726 


(A1V) 


10.7+ 0.03 


>7.0 


06058+2138 


534 


OB 


600 


125 


HD 


43726 


(A1V) 


10.4+ 0.02 


1 O I A A A 

l.3±0.04 


06061+2151 


153 


LT 


960 


110 


HD 


43726 


(A1V) 


11.69+ 0.04 


A A» A I A A /"* 

4.64±0.26 


06061+2151 


674A 


OB 


960 


161 


HD 


43726 


(A1V) 


11.8+0.04 


A A I A A A 

2.0±0.09 


06061+2151 


676 


YSO 


960 


30 


HD 


43726 


(A1V) 


13.3+0.08 


4.2±0.5 


06084- 


-0611 


114 


YSO 


960 


200 


HD 


43726 


(A1V) 


9.3+0.01 


A 17 I AAA 

4.7±0.08 


06084- 


-0611 


118 


YSO 


960 


184 


HD 


43726 


(A1V) 


1 A O 1 A AO 

10.8+0.03 


A A I A -I A 

4.2±0.l4 


06412- 


-0105 


94 


Li 


960 


200 


HD 


48829 


(B9V) 


10.09+0.02 


A A F* I A AO 

0.95±0.03 


06412- 


-0105 


121 


YSO 


960 


108 


HD 


48829 


(B9V) 


1 a ft 1 a AO 

10.2+0.02 


i a 1 A A A 

1.8±0.04 


06567- 


-0355 


122 


LT 


960 


170 


HD 


48829 


(B9V) 


11.22+0.03 


A O A 1 A 1 IT 

4.38±0.l7 


06567- 


-0355 


257 


LT 


960 


140 


HD 


48829 


(B9V) 


13. 00+0. 07 


1 n A I A -I A 

l.74±0.l4 


06567- 


-0355 


557 


OB 


960 


141 


HD 


48829 


(B9V) 


11.6+0.04 


C\ l~< I A 1 A 

2.6±0.l0 


06567- 


-0355 


589 


OB 


960 


156 


HD 


48829 


(B9V) 


10.4+0.02 


A A I A A T 

3.2±0.07 


ata a a 

07299- 


-1651 


43 


YSO 


960 


145 


HD 


65674 


(A0V) 


9.4+0.01 


A T I A A A 

4.7±0.09 


07299- 


-1651 


314 


YSO 


960 


90 


HD 


65674 


(A0V) 


11.5+0.03 


>6.0 


07299- 


-1651 


533 


LT 


960 


170 


HD 


65674 


(A0V) 


11.6+0.04 


A A A I A 1 A 

3.34±0.l3 


07299- 


-1651 


598 


YSO 


960 


131 


HD 


65674 


(A0V) 


ll. 2+0. 03 


1 I A A 

1.6±0.06 


07299- 


-1651 


618 


YSO 


960 


175 


HD 


65674 


(A0V) 


C\ A I A A 1 

9.4+0.01 


A O 1 A AA 

4.8±0.09 


08563- 


-4711 


314 


OB 


600 


189 


HD 


80998 


(B8V) 


OA I A A 1 

8.9 ±0.01 


1 /( I A AO 

1.4±0.02 


08563- 


-4711 


317 


OB 


600 


161 


HD 


80998 


(B8V) 


1 A A I A AO 

10.0 ±0.02 


O O I A A A 

2.3±0.04 


08576- 


-4334 


179 


OB 


600 


134 


HD 


80055 


(A0V) 


A f 1 A A "1 

9.6±0.01 


i A 1 A A O 

1.9±0.03 


08576- 


-4334 


201 


LT 


600 


115 


HD 


80055 


(A0V) 


A /"» 1 I A AO 

9.6l±0.02 


A /TA 1 A A A 

2.70±0.04 


08576- 


-4334 


225 


LT 


600 


230 


HD 


80055 


(A0V) 


A A f I A A 1 

9.45±0.0l 


A A f 1 A A r* 

3.26±0.05 


08576- 


-4334 


292 


YSO 


960 


107 


HD 


80055 


(A0V) 


A A I A A 1 

9.4±0.0l 


A /I 1 A A A 

2.4±0.03 


08576- 


-4334 


408 


YSO 


600 


173 


HD 


80055 


(A0V) 


n O I A A o 

7.3±0.03 


A 1 1 A AA 

3.1±0.02 


08576- 


-4334 


413 


OB 


600 


255 


HD 


80055 


(A0V) 


7.5±0.0l 


1.8±0.01 


08576- 


-4334 


461 


OB 


600 


63 


HD 


80055 


(A0V) 


1 O >"7 I A A*" 1 

12.7±0.06 


1.7±0.11 


08576- 


-4334 


462 


OB 


600 


183 


HD 


80055 


(A0V) 


T A 1 A A 1 

7.0±0.0l 


1.8±0.01 


A A AAA 

09002- 


-4732 


697 


OB 


960 


160 


HD 


80998 


(B8V) 


1 A <T I A A O 

10.7±0.03 


f A 1 A A A 

5.4±0.22 


09002- 


-4732 


738 


T TA 

LI 


960 


30 


HD 


80998 


(B8V) 


1 O TO I A 1 1 

13.72±0.11 


o o r 1 A O T 

3.35±0.37 


10049- 


-5657 


261 


LT 


600 


120 


HD 


91373 


(A0V) 


A O O I A A 1 

9.33±0.01 


O 1 1 I A A O 

2.11±0.03 


10049- 


-5657 


324 


OB 


600 


109 


HD 


91373 


(A0V) 


-1 A f 1 A AO 

10.5±0.02 


A A I A A 

2.8±0.06 


10049- 


-5657 


411 


OB 


600 


84 


HD 


91373 


(A0V) 


11 >"7 I A A A 

11.7±0.04 


2.9±0.11 


11097- 


-6102 


693 


YSO 


600 


160 


HD 


102152 (A0V) 


A f* I A A 1 

9.6±0.01 


A A I A A A 

3.4±0.04 


iiuy <- 


£1 no 
DlUz 


1122 


OB 


960 


179 


HD 


102152 (A0V) 


1 A f I A AO 

10.5±0.02 


A A I A A r* 

2.4±0.05 


11097- 


-6102 


1218 


YSO 


600 


183 


HD 


102152 (A0V) 


A A I A A 1 

8.4±0.0l 


f /i 1 A AA 

5.6±0.09 


12073- 


-6233 


1016 


LT 


1200 


134 


HD 


110062 (B9V) 


IT A f~> I A A 1 

7.96±0.0l 


A A A 1 A A 1 

8.89±0.0l 


12073- 


-6233 


1974 


OB 


1200 


168 


HD 


110062 (B9V) 


1 A n I A A o 

10.7±0.03 


A A I A A P* 

2.3±0.05 


12073- 


-6233 


2851 


OB 


1200 


96 


HD 


110062 (B9V) 


1 A l"7 I A A O 

10.7±0.03 


O f I A A/ 1 

2.5±0.06 


15408- 


-5356 


1410 


OB 


600 


140 


HD 


137251 (A2V) 


A I A A 1 

8.6±0.0l 


O A 1 A AA 

2.2±0.02 


15408- 


-5356 


1454 


OB 


600 


158 


TTT^» 

HD 


137251 (A2V) 


A i~> I A A 1 

9.3±0.0l 


A 1 I A A A 

2.1±0.03 


15411- 


-5352 




T T 


AAA 
DUU 


1UU 


HD 


137251 (A2V) 


q 1 a -un m 


o.yo±u.io 


15411- 


-5352 


1955 


YSO 


600 


188 


HD 


137251 (A2V) 


7.9±0.01 


4.3±0.03 


15502- 


-5302 


2960 


OB 


960 


62 


HD 


137251 (A2V) 


13.0±0.08 


2.6±0.19 


15502- 


-5302 


3167 


OB 


960 


106 


HD 


137251 (A2V) 


11.8±0.04 


1.6±0.19 


16128- 


-5109 


1182 


LT 


960 


180 


HD 


150628 (A0V) 


10.14±0.02 


5.88±0.20 


16164- 


-5046 


1542 


OB 


960 


119 


HD 


150628 (A0V) 


11.7±0.04 


2.0±0.08 
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IRAS 


nr 


Class 


Exp 


S/N 


Standard star 


K 


J-K 


16164-5046 


3636 


YSO 


960 


137 


HD 


150628 


(A0V) 


9.5+0.02 


>8.1 


16177-5018 


271 


OB 


960 


40 


HD 


150628 


(AOV) 


11.8+0.04 


3.4±0.14 


16177-5018 


405 


OB 


960 


131 


HD 


150628 


(AOV) 


10.8+0.03 


>6.7 


16177-5018 


1020 


OB 


960 


98 


HD 


150628 


(AOV) 


11.9+0.04 


4.7±0.27 


16177-5018 


2239 


LT 


960 


60 


HD 


150628 


(AOV) 


8.77+0.01 


2.53±0.02 


16571-4029 


820 


OB 


960 


124 


HD 


158684 


(AOV) 


9.3+0.01 


2.6±0.03 


16571-4029 


1281 


YSO 


960 


132 


HD 


158684 


(AOV) 


9.3+0.01 


2.5±0.06 


16571-4029 


1610 


OB 


960 


132 


HD 


158684 


(AOV) 


11.0+0.03 


2.5±0.07 


17136-3617 


447 


LT 


960 


100 


HD 


161759 


(AOV) 


9.45+0.01 


7.81±0.40 


17136-3617 


649 


YSO 


960 


191 


HD 


161759 


(AOV) 


9.5+0.01 


3.8±0.06 


17136-3617 


712 


LT 


960 


170 


HD 


161759 


(AOV) 


8.55+0.01 


6.05±0.11 


17149-3916 


792 


LT 


600 


70 


HD 


161759 


(AOV) 


8.68+0.01 


3.39±0.01 


17149-3916 


895 


OB 


600 


139 


HD 


161759 


(AOV) 


8.3 ±0.01 


0.6±0.01 


17149-3916 


1061 


LT 


600 


30 


HD 


161759 


(AOV) 


10.42 ±0.02 


5.47±0.17 


17149-3916 


3361 


LT 


600 


50 


HD 


161759 


(AOV) 


12.87 ±0.06 


1.50±0.10 


17175-3544 


59 


OB 


960 


166 


HD 


161759 


(AOV) 


11.5±0.03 


6.3±0.5 


17258-3637 


378 


OB 


960 


141 


HD 


161759 


(AOV) 


10.2±0.02 


3.4±0.06 


17258-3637 


593 


YSO 


960 


200 


HD 


161759 


(AOV) 


9.6±0.01 


5.5±0.17 


17258-3637 


1558 


OB 


960 


17 


HD 


161759 


(AOV) 


10.7±0.02 


1.9±0.04 


17423-2855 


3102 


OB 


960 


113 


HD 


166131 


(B8V) 


9.9±0.02 


5.3±0.13 


17423-2855 


3130 


LT 


960 


60 


HD 


166131 


(B8V) 


10.81±0.03 


>6.8 


17423-2855 


6909 


LT 


960 


80 


HD 


166131 


(B8V) 


9.47±0.01 


15.89±0.18 


17574-2403 


930 


LT 


960 


80 


HD 


171572 


(B9V) 


9.89±0.02 


> 7.8 


17574-2403 


3471 


LT 


960 


100 


HD 


171572 


(B9V) 


10.53±0.02 


1.27±0.04 


17574-2403 


xx^ 


NEB 


960 


32 


HD 


171572 


(B9V) 




- 


18006-2422 


766 


YSO 


600 


146 


HD 


171808 


(AOV) 


9.4 ±0.01 


2.8±0.04 


18006-2422 


770 


OB 


600 


131 


HD 


171808 


(AOV) 


7.3 ±0.01 


0.9±0.01 


18006-2422 


702 


LT 


600 


102 


HD 


171808 


(AOV) 


9.93 ±0.02 


4.29 ±0.08 


18006-2422 


1134 


LT 


600 


150 


HD 


171808 


(AOV) 


9.04 ±0.04 


3.49 ±0.04 


18006-2422 


2035 


NEB 


600 


88 


HD 


171808 


(AOV) 


11.4 ±0.04 


1.8 ±0.07 


18060-2005 


719 


LT 


600 


70 


HD 


171808 


(AOV) 


9.49± 0.01 


5.54±0.13 


18060-2005 


1073 


LT 


600 


80 


HD 


171808 


(AOV) 


10.46± 0.02 


5.26±0.18 


18060-2005 


1733 


OB 


600 


100 


HD 


171808 


(AOV) 


9.0± 0.01 


2.9±0.03 


18060-2005 


2481 


OB 


960 


75 


HD 


171808 


(AOV) 


11.1±0.03 


3.5±0.11 


18449-0158 


319 


OB 


960 


93 


HD 


181690 


(B9V) 


10.8±0.03 


2.4±0.06 


18449-0158 


335 


OB 


960 


159 


HD 


181690 


(B9V) 


8.5±0.01 


7.0±0.17 


18449-0158 


1493 


LT 


960 


80 


HD 


181690 


(B9V) 


10.71±0.03 


2.37±0.06 


18507+0110 


262 


OB 


960 


190 


HD 


181690 


(B9V) 


9.4±0.01 


4.3 ±0.07 


18507+0110 


248 


YSO 


960 


153 


HD 


181690 


(B9V) 


10.3±0.02 


5.4 ±0.18 


18507+0110 


373 


OB 


960 


70 


HD 


181690 


(B9V) 


12.3±0.05 


5.4±0.49 


18507+0110 


389 


OB 


960 


90 


HD 


181690 


(B9V) 


11.3±0.03 


3.8 ±0.14 


18592+0108 


1035 


LT 


960 


120 


HD 


181690 


(B9V) 


11.31±0.03 


4.08 ±0.14 


18592+0108 


1051 


LT 


960 


130 


HD 


181690 


(B9V) 


11.29±0.03 


5.00 ±0.21 


18592+0108 


1555 


NEB 


960 


40 


HD 


181690 


(B9V) 


12.6±0.05 


> 5.1 


19078+0901 


185 


LT 


960 


90 


HD 


186549 


(B9V) 


10.69±0.02 


3.74 ±0.10 


19078+0901 


438 


LT 


960 


110 


HD 


186549 


(B9V) 


11.63±0.04 


4.10 ±0.19 


19078+0901 


549 


LT 


960 


130 


HD 


186549 


(B9V) 


11.88±0.04 


5.01 ±0.33 


19078+0901 


647 


OB 


960 


65 


HD 


186549 


(B9V) 


13.2±0.07 


4.4 ±0.5 


19078+0901 


670 


LT 


960 


80 


HD 


186549 


(B9V) 


10.11±0.02 


2.17 ±0.04 


19078+0901 


1202 


LT 


960 


120 


HD 


186549 


(B9V) 


10.31±0.02 


3.75 ±0.09 


19078+0901 


2070 


NEB 


960 


32 


HD 


186549 


B9V 


13.5±0.07 


> 4.2 
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IRAS 


nr 


Class 


Exp 


S/N 


Standard star 


K 


J -K 


19078+0901 


2224 


NEB 


960 


33 


HD 186549 (B9V) 


13.1+0.07 


> 4.6 


19111+1048 


207 


LT 


960 


70 


HD 186549 (B9V) 


11.23+0.05 


2.77+0.12 


19111+1048 


1149 


LT 


960 


70 


HD 186549 (B9V) 


11.15+0.05 


1.89+0.08 



Table A.l. Identification of the OB stars and observing log. Column 1: associated IRAS pointsource, column 2: 
source number, taken from iKaper et alJ l)2005a|) - column 3: class of object; OB: OB stars; YSO: candidate massive 
YSO; NEB: nebular UCHII radio source counterpart; LT: late-type stars, column 4: total integration time, column 5: 
obtained signal-to-noise ratio, column 6: observed standard star used to remove the telluric lines, columns 7 and 8: K 
and J — K values taken from lKaper et all <j2005al) t; This source is slightly extended and no pointsource photometry 
was possible. 



